The metalloporphyrin formation reaction is one of the important processes from both analytical and bioinorganic points of view.
incorporation processes leading to the natural metalloporphyrins. Generally porphyrins are synthesized in a metal-free form and metal ions are subsequently inserted. The latter process is catalyzed by enzymes, and a model for the catalytic function of the enzyme has been proposed as the porphyrin distortion caused by steric and electronic interactions with amino acid residues at the enzyme active site. [10] [11] [12] [13] [14] [15] [16] For example, the metalloporphyrin formation is a key reaction of the biosynthesis of heme, since the final step of the biosynthesis is the Fe(II) ion incorporation in vivo into the protoporphyrin IX. [17] [18] [19] [20] For an understanding of the metalloporphyrin formation mechanism and the role of the enzymatic catalysis, further kinetic studies of the metalation have been required. In this context, the kinetics of the metalloporphyrin formation have been extensively studied for many kinds of metal ions in a variety of solvents in order to clarify the metalation mechansim of porphyrins. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] When the metal ion (M n+ ) is incorporated into the porphyrin (H2por) to form the metalloporphyrin (M(por) (n-2)+ ), two amine protons in H2por are dissociated from the two pyrrole groups as in Eq. (1).
M
n+ + H2por M(por) (n-2)+ + 2H +
Because the two pyrrolenine groups can potentially bind to the metal ion, the overall metalation reaction will consist of at least two steps, i.e., the coordination step of two pyrrolenine nitrogens to form an intermediate, the so-called sitting-atop (SAT) complex, M(H2por) n+ , 31 in which two protons on the pyrrole nitrogens still remain, [32] [33] [34] [35] and the deprotonation step of the SAT complex to form the metalloporphyrin, as shown by Eqs. (2) and (3), respectively.
M n+ + H2por M(H2por) n+ (2) M(H2por) n+ M(por) (n-2)+ + 2H +
The separate observations of these two steps and their individual kinetic measurements are necessary to analyze the detailed mechanism of the overall metalation of the porphyrins. In order to separate these two steps, acetonitrile (AN) was selected as a solvent with a very low Brønsted basicity. In such a solvent, the released protons due to deprotonation of the SAT complex can not be thermodynamically stabilized according to Eq. (3). Furthermore, as expected from Eq. (2), the SAT complex can be much more stabilized in AN with its lower solvating ability than in strongly coordinating solvents such as N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). As a result, we succeeded in the direct detection of the SAT complex of 5,10,15,20-tetraphenylporphyrin (H2tpp) with the Cu(II) ion by the strategic use of AN as the solvent. 36 By structural characterization of the Cu(II)-SAT complex in AN by the 1 H NMR and EXAFS methods, it was clarified that two pyrrolenine nitrogens coordinate to the equatorial sites of the Cu(II) ion and that H2tpp acts as a bidentate ligand. 36, 37 Furthermore, the SAT complex formation rates for the first-row transition metal(II) ions were demonstrated to be parallel to the rates for solvent exchange on the corresponding metal(II) ions. 37 In addition, we recently carried out the kinetic measurements of the deprotonation of the Cu(II)-SAT complex of H2tpp with a series of Brønsted bases, such as 3-methylpyridine (mpy), pyridine (py), dmso, and dmf and clarified the deprotonation mechanism. 38 Finally, we can propose the mechanism for the overall metalation of porphyrins. The structures of the porphyrins cited in this paper are shown in Scheme 1.
Rates of Metalloporphyrin Formation Reaction
2·1 Metalloporphyrin formation relative to solvent exchange and complexation of metal ions First, we will point out the metalloporphyrin formation reaction relative to the metal complex formation reaction and solvent exchange reaction. The metalloporphyrin formation of metal ions with porphyrins as a ligand is one of the complexation reactions. The Eigen mechanism is generally accepted for the complexation reactions (Eq. (4) ). [39] [40] [41] The Eigen mechanism involves the following processes. An outer-sphere complex, M n+ ···L m-, between a metal ion and a ligand is formed with the association constant of Kos due to electrostatic interaction, which is as fast as diffusion-control (Eq. (5)). The rate-determining step with the first-order rate constant of ki for the complexation is the dissociation of a directly coordinated solvent molecule in the inner-sphere of the metal ion (Eq. (6)). Therefore, the overall second-order rate constant, kf, for complexation is given by the product of Kos and ki. This ki is almost equivalent to the rate constant (kex) for the solvent exchange on the respective metal ion. In fact, it has been confirmed that this is the case for many reaction systems.
Interestingly, the rates of the complexation of porphyrins are much slower, by several orders of magnitude, than those of the acyclic ligands. 8, 26, 28 Such extraordinarily slow rates have been discussed in terms of the rigidity of the planar porphyrin framework. Meanwhile, for the N-substituted porphyrins, in which one of the two hydrogen atoms bound to the pyrrole nitrogen atoms is substituted by an alkyl or aryl group, displacement of the substituent from the porphyrin plane due to its bulkiness causes a tilting distortion of the pyrrole rings of the porhyrin. Lavallee's group and other groups investigated the kinetics of the complexation of the N-substituted porphyrins with several metal ions, 24, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] showing that the Nalkylporphyrins form metal complexes much faster than the corresponding non-N-alkylated porphyrins. 24, 28, 43 2·2 Rates for metalation of TPP and N-substituted TPP in DMF 2·2·1 Deformation effect of N-substituted TPP For the N-substituted porphyrin, we will demonstrate the degree of deformation of the porphine ring and the effect of deformation on the rate. In order to evaluate the deformation effect, we synthesized the deformed N-substituted porphyrin by the addition of bulky groups, that is, phenyl, p-tolyl, and o-tolyl groups on the pyrrole nitrogen. Fortunately, we could obtain single crystals of free o-TolTPP for X-ray analysis. Figure 1 is the side-on view, emphasizing the distortion of the porphine core, with omission of the peripheral phenyl rings for clarity ( Fig. 1) . 42 The N-substituted pyrrole ring forms the most highly canted plane from the N1-N2-N4 reference plane, with a dihedral angle of 57.3˚. The two adjacent pyrrole rings (that is, the N2 and N4 pyrrole rings) are tilted in the direction opposite to that of the N1-pyrrole ring. The dihedral angles are 19.3 and 16.4˚ for the N2-and N4-pyrrole rings, respectively. The protonated N3-pyrrole ring opposite to the N1-pyrrole ring forms a plane almost coplanar with the reference plane. Consequently, the bulkier N-o-tolyl group compels the porphine ring system to be more distorted than the N-methyl group of N-MeTPPBr4 with a dihedral angle of 28˚. . 42 Since the rapid deformation equilibrium of the porphine core precedes the rate-determining solvent loss, 24, 28, 29, 43 the difference in rate between the metalloporphyrin formation for o-TolTPP and N-MeTPP reflects the difference in the degree of the deformation. The crystal structures show a more favorable distortion of o-TolTPP for the complexation compared to NMeTPPBr4, 57 which has basically the same N-methylporphine core as N-MeTPP, and the bulkiness of the N-substituent group enhances the reactivity.
2·2·2 Rates for metalation of TPP and N-MeTPP in DMF
We determined the second-order rate constants (kf) for the metalation of N-MeTPP and TPP using a series of divalent metal(II) ions (M 2+ ) in N,N-dimethylformamide (DMF). 28, 29, 58 The logarithmic values of kf are plotted in Fig. 2 together with the first-order rate constants, kex, for solvent exchange on the respective metal ions in DMF. As is apparent from Fig. 2 , the trend in the rate constant variation for a series of metal ions for the DMF solvent exchange and for the metalation of N-MeTPP and TPP in DMF is very similar, although there is a difference of several orders of magnitude for each series. In addition, the same trend is observed for the water exchange and metalation of N-MeTPPS and TPPS in water for zinc(II) and cadmium(II) ions. 6 Moreover, the rates decrease in the following order: solvent exchange, N-MeTPP metalation, and TPP metalation for the respective metal(II) ion. Thus the metalation rate for TPP is very much slower by several orders of magnitude than those for the complexation of normal ligands, and the metalation of Nmethylated TPP is much faster than TPP. We can deduce the following three points. (a) The rate-determining step for the metalation of the porphyrin is the dissociation of a coordinated solvent molecule from the metal ion in the outer-sphere association complex (Eq. (9)). (b) Deformation of the porphine ring prior to the rate-determining step should be required (Eq. (7)). (c) Therefore, the overall rate constant (kf) for the metalloporphyrin formation is given by the product of the equilibrium constant (KD) for the deformation of the porphyrin ring, the equilibrium constant (Kos) for the outer-sphere complex formation, and the rate constant (ki) for the dissociation of the coordinating solvent molecules in the inner-sphere of the metal(II) ions: kf = KDKoski.
where Hpor indicates H2tpp, Hmetpp, H2tpps 4-, and Hmetpps 4-, and Hpor is the deformed Hpor. Deformation of the porphyrin ring should be required for the metal ion to effectively interact with the nitrogen atom on the pyrrole group. metalloporphyrins in water in order to elucidate the hydrogen ion contribution to the mechanism. In this section, we describe the equilibria, kinetics and mechanisms of the complexation reactions of water-soluble N-MeTPPS and TPPS with cadmium(II) and zinc(II) ions in aqueous solution at various temperatures and pressures, as shown by Eqs. (10) and (11) where Hmetpps 4-and H2tpps 4-are the free bases of N-MeTPPS and TPPS, and kf and kd are the rate constants for the formation and dissociation of the metalloporphyrin, respectively. The equilibrium constants for reactions (10) and (11) 59 The cadmium(II) ion is not expected to fit well inside the central cavity of the porphyrin dianion, because the distance between the two nitrogen atoms on a diagonal of the porphyrin core is 4 Å. Such a difference in size of the d 10 Cd(II) and Zn(II) ions should be characteristic of the thermodynamic and kinetic behaviors as the metal ion size effect. Moreover, the methyl substituent at the pyrrole nitrogen in N-MeTPPS should cause steric hindrance for the metal ion incorporation even for the smaller Zn(II) ion as well as the porphyrin ring deformation.
3·1·1 Basicity of free porphyrin bases
The first and second protonation constants, KH1 and KH2, for Hmetpps 4-and H2tpps 4-are as follows: log KH1 and log KH2 are 8.88 and 2.98 for N-MeTPPS 6 and 4.99 and 4.76 for TPPS, 60 respectively. Therefore, the free base of the N-substituted porphyrin is a much stronger base, by about 4 pK units, compared with the non-N-substituted porphyrin base. NMonoalkylation of the porphyrins results in distortion of the porphine ring by an sp 3 hybridization of one of the pyrrolenic nitrogens; the substituted group is out-of-plane with respect to the three unsubstituted pyrrolenic nitrogens, as described in 2·2·1.
Therefore, the bulky N-methyl group forces the porphyrin nucleus to distort from planarity as a deformation effect. Such a feature is reflected in the protonation constant.
3·2 Thermodynamic effects of porphyrin ring deformation
and metal ion size In Table 1 are tabulated the thermodynamic parameters for the metalloporphyrin formation of Cd(II) and Zn(II) ions with NMeTPPS and TPPS in aqueous solution. 6 For TPPS, the difference in the free energy change (∆G˚ at 25˚C) for the metalloporphyrin formation between Cd 2+ and Zn 2+ is 51.4 kJ mol -1 , while for N-MeTPPS, it is 19.2 kJ mol -1 (see Table 1 ). On the other hand, because the formation constants of Cd 2+ and Zn 2+ complexes of 2,2′-bipyridine (bpy) as an acyclic ligand are 10 4.33 and 10 5.23 M -1 at 25˚C, respectively, 61 the difference in ∆G˚ is only 5 kJ mol -1 . With respect to the difference in the ∆G˚ value between the two metal ions, the difference for N-MeTPPS is larger than that for an acyclic ligand of bpy, while the difference for TPPS is significantly large. This strongly indicates that the zinc(II) ion should be comfortably incorporated inside the porphyrin core of TPPS, but uncomfortable inside N-MeTPPS due to steric hindrance of the N-methyl group, while the cadmium(II) ion just sits on the porphyrin nucleus due to its size. This difference is also reflected in the kinetic parameters (vide infra). Although the complex formation reactions between the aquated metal ions with nitrogenous bases in aqueous solution are usually exothermic, the complexation reactions for the porphyrin ligands are endothermic (see Table 1 ). This comes from the inclusion of released pyrrolenic protons of the free base porphyrin in the metalloporphyrin formation as defined here. Table 2 are summarized the activation parameters for the formation and dissociation of metalloporphyrins of Cd(II) and Zn(II) ions with N-MeTPPS and TPPS. 6 The forward reaction is second order with respect to the metal ion and free base porphyrin.
3·3 Kinetic effects of porphyrin ring deformation and metal ion size In
The reverse reaction is first order for the metalloporphyrin and second order for the hydrogen ion concentration in the case of TPPS, but first order for the hydrogen ion concentration in the case of N-MeTPPS. This finding indicates that the deprotonation of pyrrole protons for the forward reaction is not rate-determining and that the protonation on the pyrrole nitrogens for the reverse reaction is fast and not rate-determining.
One of the most characteristic features for the metalloporphyrin formation is the slowness of the rate in comparison with acyclic ligands. In the previous section, we demonstrated that the overall rates for the metalloporphyrin formation correlate with the rate of the solvent exchange reaction of the metal ions. 29 The interpretation was based on the multistep reaction mechanism including the following steps: (1) deformation of the porphyrin, (2) outer-sphere complex formation between the metal ion and the deformed porphyrin via electrostatic interaction, (3) solvent dissociation on the metal ion and bond formation between the metal ion and porphyrin donor atom, and (4) dissociation of the pyrrolenic protons. For the dissociation of the metalloporphyrins, the proton addition step is included, i.e., the rate is first order for M(metpps) 3- and second order for M(tpps) 2-with respect to the hydrogen ion concentration, but the proton dissociation step is not included for the formation, because the formation rate is independent of the hydrogen ion concentration (vide supra). Thus, the second-order rate constant kf for the metalloporphyrin formation can be expressed as kf = KDKOSki, where KD, KOS, and ki refer to the deformation equilibrium constant of the porphyrin, the equilibrium constant for the outer-sphere association, and the first-order rate constant for the interchange of a coordinated water molecule with a donor atom of the entering deformed porphyrin ligand.
The slowness is due to the energy required for the deformation corresponding to KD. The deformation should be required for metal ions to interact with donor atoms of the porphyrin. As apparent from Table 2 , the second-order rate constants for the complex formation reaction of N-MeTPPS are much larger than those of TPPS. The enhancement in rate amounts to 1900 times for Zn(II) and 480 times for Cd(II). Interestingly, the forward reaction for the metalloporphyrin formation is faster by about two orders of magnitude for Cd(II) than for Zn(II) for both N-MeTPPS and TPPS. The difference in rate reasonably corresponds to that in rate for the water exchange on the metal(II) ions. It was found that for Nmethylporphyrin in DMF there is also a correlation between the complex formation rate and the solvent exchange rate of the metal ions. 29 Since the N-substituted porphyrin is deformed from the planar molecular structure of the porphyrin due to the steric bulkiness of the substituent, the KD value should be much larger for the N-substituted porphyrin than that for the non-Nsubstituted porphyrin. The enhancement in the rate indicates that the deformation for the metal ion accommodation is significantly established by the methylation. Consequently, these are the cases for the situation between TPP and N-MeTPP in DMF (see 2·2·2). It should be noted that the dissociation rates of the TPPS and N-MeTPPS complexes are second-order and first order with respect to the hydrogen ion concentration, respectively. This strongly indicates that the species of the porphyrins in the transiton state are free bases, i.e., H2tpps 4-and Hmetpps 4-. The difference in the acid-catalyzed dissociation rate is significant, i.e., the ratio of the rate constants between Cd 2+ and Zn 2+ is 3 × 10 5 for N-MeTPPS and 6 × 10 11 for TPPS (see Table 2 ).
The activation volume, ∆V ‡ , for the complexation reaction is considered as a diagnostic of the reaction mechanism. The ∆V ‡ values for the complexation reaction of Zn(II) and Cd(II) ions with bpy in aqueous solution are ∆V ‡ = 7.4 ± 0.4 cm 3 mol -1 for the Zn(II) ion and -5.5 ± 1.0 cm 3 mol -1 for the Cd(II) ion. 61 The difference in the sign of the ∆V ‡ values was considered as the change in the activation mode from the dissociative interchange to the associative interchange going from the first to the second row, which is attributed to the large difference in ionic radius between the two metal ions. It is believed that the larger Cd(II) ion has enough room around itself to accommodate a seventh donor atom in the transition state. Interestingly, the same tendency in the ∆V ‡ values has been observed for the TPPS and N-MeTPPS systems, i.e., the positive values of ∆V ‡ for Zn 2+ (2.8 ± 0.9 (N-MeTPPS) and 3.9 ± 0.3 (TPPS) cm 3 mol -1 ) and the negative values of ∆V ‡ for Cd 2+ (-1.0 ± 0.4 (N-MeTPPS) and -6.4 ± 0.3 (TPPS) cm 3 mol -1 ). For the multistep reaction mechanism for the metalloporphyrin formation: kf = KDKOSk (vide supra), the rate-determining step corresponds to the interchange of a coordinated water molecule on the metal(II) ion with a donor atom of the entering deformed porphyrin ligand. Since we can accept that the volume change for the deformation (KD) and for the outer-sphere complex formation (KOS) is negligible, the activation mode for the metalloporphyrin formation is consequently, associative-interchange for the Cd(II) ion and dissociative-interchange for the Zn(II) ion.
Metalloporphyrin Formation Catalyzed by Large Metal Ions
The 62, 63 According to the kinetic investigation for the Cu(II) ion incorporation into TPPS in the presence of the Hg(II) ion in water, the heterodinuclear porphyrin complex, in which two different metal ions simultaneously bind to tpps 6- 
Hg(tpps)Cu 2-Cu(tpps) 4-+ Hg 2+ (14) where k1 = 1.95 × 10 8 s -1 , k2/k-1 = 7.14, and k3 = 1.00 × 10 -2 s -1 at 25˚C. 62 The reaction then proceeds with a two-stage kinetic behavior, and the first-and second-step reactions correspond to the formation of the heterodinuclear intermediate 
4·2 Structure determination of the short-lived intermediate formed during copper(II) ion incorporation into porphyrin using the stopped-flow EXAFS method
We developed a stopped-flow EXAFS apparatus (SF-EXAFS, Type FIT-6) by combining the stopped-flow and the EXAFS methods. 64, 65 The time-resolved EXAFS measurement has been carried out in the vicinity of the Cu K edge for the Cu(II)/Hg(II) heterodinuclear porphyrin intermediate. We could measure the EXAFS spectra of copper in the intermediate for 10 s in one run. Thus EXAFS measurements were repeated 180 times to accumulate the EXAFS data to obtain a good EXAFS spectra. We determined the structure parameters around the Cu(II) ion in the Cu(II)/Hg(II) heterodinuclear porphyrin intermediate, which are summarized in Table 3 along with those of some relative copper(II) complexes. Fig. 3 , where the geometry around the Cu(II) center is a distorted octahedral and the two pyrrolenine nitrogens of tpps 4- coordinate at the equatorial sites of the Cu(II) ion with a cis geometry.
66,68

Kinetics and Mechanism for Sitting-Atop (SAT) Complex Formation
In 1960, Fleischer and Wang first proposed the so-called sittingatop complexes of the protoporphyrin dimethyl ester in chloroform on the basis of visible spectra, infrared spectra, and composition of the SAT complex. 31 After this report, the reports on the detection of the SAT complex have been very limited, only in peculiar systems. [32] [33] [34] [35] We think that a crucial point to form the SAT complex is to guarantee the thermodynamic and kinetic retardation of the dissociation of protons on the pyrrole rings in the SAT complex. Therefore, we must select solvents with a very low Brønsted basicity; water as a solvent is not adequate. Acetonitrile (AN) has a very low Brønsted basicity and is a coordinating and aprotic solvent with a considerably high dielectric constant of 36, which is favorable for coordination ability and solubility. Figure 4A shows the spectral change for the reaction between Cu 2+ and H2tpp in AN. 36 This process was completed within ca. 100 ms even in an excess Cu 2+ concentration on the order of 10 -4 mol dm -3 . This reaction was extremely fast in comparison with the usual metalloporphyrin formation of the Cu(II) ion and was extremely slow compared with the normal complexation reaction of the Cu(II) ion. The absorption spectrum of the product (max = 406 nm) is apparently different from those of H2tpp (max = 417 nm) and Cu(tpp) (max = 414 nm) and has a characteristic broader Soret band compared with those of H2tpp and Cu(tpp) which have good symmetry in structure. These findings suggest that the porphyrin ring in the product should be distorted. Figure 4B shows the 1 H NMR peaks assigned to the N-H and β-pyrrole protons for H2tpp in CDCl3 and the Cu(II)-SAT complex in CD3CN. The finding that the signal of the N-H protons in the Cu(II)-SAT complex was clearly observed at -2.05 ppm strongly indicated that the N-H protons remain in the SAT complex (Cu(H2tpp) 2+ ). In contrast to the case of H2tpp, two kinds of β-protons for the SAT complex were observed with a ratio of 1:1, which had twice the area of the peak for the NH protons. The peaks, one a singlet and the other a doublet, were attributed to the protons in the pyrrolenine groups coordinated to the Cu(II) ion and in the pyrrole groups not 922 ANALYTICAL SCIENCES AUGUST 2001, VOL. 17 coordinated to the Cu(II) ion, respectively. A similar splitting was reported for H2tpp at the low temperature of -80˚C, because the N-H tautomerism at such a low temperature was frozen, 69, 70 where the signal of the β-pyrrole protons of the pyrrole groups with N-H protons was observed at a lower field relative to that of the pyrrolenine groups without the N-H protons. The opposite trend in chemical shift was observed for the SAT complex, i.e., the doublet peak assigned to the β-pyrrole protons appears at a higher field (see Fig. 4B ). This indicates that the two pyrrolenine nitrogens without an NH proton bind to the paramagnetic Cu(II) ion, because the dipole-dipole and scalar coupling interactions with the paramagnetic ion lead to their downfield shift. Furthermore, the peak for NH protons was shifted downfield relative to that of H2tpp. This is ascribed to both the distortion of the porphyrin ring and the dipole-dipole interaction with the paramagnetic copper(II) ion. Because the NH protons in H2tpp are highly shifted to the upper field due to the ring current of the planar porphyrin ring, the distortion of the porphyrin ring in the SAT complex then leads to the downfield shift. Two types of porphyrin skeletons (1 and 2 in Scheme 2) are possible for the SAT complex with the pyrrolenine nitrogens coordinating to the Cu(II) ion. The observed 1 H NMR spectrum determines the symmetrical structure of 1, because, in the case of 2, the two β-pyrrole protons of the pyrrolenine ring are not identical.
5·1 Characterization of the SAT complex of Cu(II) ion based on the electronic and NMR spectra
5·2 Structure of Cu(II)-SAT complex as determined by fluorescent EXAFS
The structure parameters around Cu 2+ in the Cu(II)-SAT complex were determined by a fluorescent EXAFS method and are tabulated in Table 4 . 37 For the Cu(II)-SAT complex, the observed EXAFS data are satisfactorily reproduced by three kinds of Cu-N interactions with N values of ca. 2, i.e., the Cu-N(pyr), Cu-N(an)eq, and Cu-N(an)ax interactions with the N and R values of 1.6 and 2.05 Å, 2.4 and 1.98 Å, and 2.4 and 2.32 Å, respectively, where N(pyr), N(an)eq, and N(an)ax, respectively, denote the coordinating nitrogen atom of H2tpp, AN at the equatorial site, and AN at the axial site. Interestingly, the R value for Cu-N(pyr) in the Cu(II)-SAT complex (Cu(H2tpp)(an)4 2+ ) is larger than that (2.02 Å) of Cu(tpp), [71] [72] [73] [74] while the R value of 1.98 Å for Cu-N(an)eq is alomost identical with that (1.99 Å) of the equatorial site of Cu(an)6 2+ . 75 The longer bond distance of Cu-N(pyr) rather than that of Cu(tpp), in which the Cu 2+ ion is just incorporated into the porphyrin core, is ascribed to the limitation due to the steric geometry of the porphyrin core. Consequently, the bite angle of N(pyr)-Cu-N(pyr) should be much greater than 90˚, considering the bidentate coordination of the opposite two pyrrolenine groups of H2tpp in the Cu(II)-SAT complex, as indicated by the 
Complex
Interaction N R/Å of dihedral angles between the two N-Cu-N planes of the equatorial site from 0 to 90˚. [76] [77] [78] However, the EXAFS spectrum of the Cu(II)-SAT complex was satisfactorily reproduced by the model with an axial Cu-N(an) interaction, and the result is in agreement with that observed for the structure parameters around the Cu 2+ ion in the Cu(II)/Hg (II)  heterodinuclear  porphyrin  intermediate  (see  4·2) . 66 Furthermore, the fact that the R value of Cu-N(an)eq is almost the same as that of Cu(an)6 2+ strongly indicates that the AN molecules coordinate to the Cu 2+ ion at the equatorial sites in the distorted octahedral environment because the bond distance in the tetrahedral analogue with a reduced coodination number should be shortened, as indicated by the structural data of the solvated metal ions with a reduced solvation number in bulky solvents. 59, 79, 80 Thus, we can conclude that the dihedral angle between the two N-Cu-N planes of the equatorial site around the Cu 2+ ion in the Cu(II)-SAT complex may be ca. 0˚. Therefore, the Cu(II)-SAT complex seems to have an axially elongated and equatorially distorted six-coordinate geometry.
5·3 Mechanism of SAT complex formation
Furthermore, we followed the formation rate of the TPP-SAT complexes of metal (II) , and Zn 2+ ) as well as Cu 2+ in AN using the stopped-flow technique. 37 In Fig. 5 is visualized the trend in variation of the rate constant, kf, of the TPP-SAT complex formation in AN for a series of M 2+ ions and in the rate constant, kex, of the solvent exchange in H2O, [81] [82] [83] [84] [85] methanol, [86] [87] [88] DMF, [88] [89] [90] [91] and AN. 88, [92] [93] [94] [95] Although the values of kex for the solvent exchange on the Cu 2+ and Zn 2+ ions in AN are not available, the variation in kex for a series of M 2+ ions is similar for various solvents, as expected from Fig. 5 . Therefore, the observed variation trends in kf are regarded as being similar to that in kex for a series of M 2+ ions. This characteristic strongly indicates that the rate-determining step for the SAT complex formation is similar to that of the solvent exchange; i.e., the rate-determining step of the SAT complex formation is the bond rupture between the M 2+ ion and a bound AN molecule simultaneously accompanying the bond formation between the M 2+ ion and the first pyrrolenine nitrogen of H2tpp. The chelate ring closure to form the SAT complex, in which H2tpp is bound to M 2+ as a bidentate ligand according to the EXAFS and 1 H NMR results, must be faster than the ratedetermining exchange. The values of kf are, however, 4 -6 orders of magnitude smaller than the kex values, and thus, it can be expected that there is a large energetic loss due to the fast preequilibria prior to the rate-determining step. If the rapid deformation equilibrium (KD) of the porphyrin ring and the rapid outer-sphere encounter formation equilibrium (Kos) between the AN-solvated M 2+ ion and the deformed porphyrin (H2tpp) are assumed to precede the rate-determining exchange (reaction (17) ) between the bound nitrogen of the AN molecule and the first pyrrolenine nitrogen of H2tpp, as shown by the equations: is expressed by
Because the values of kf for a series of M 2+ ions are parallel to the kex values, the kSAT term in Eq. (19) may be approximately replaced by kex in AN. Although the large deformation of the π-electron-conjugated system is unfavorable in enthalpy, it may be effectively compensated in entropy, since significant amounts of freedom in the intramolecular vibration and rotation modes may appear due to the C2v deformation of the porphyrin core.
Rates for Deprotonation of SAT Complex
6·1 Deprotonation of SAT complex by Brønsted bases
leading to metalloporphyrin Figure 6 shows the spectral change with clear isosbestic points at 411, 430, 524, and 553 nm for deprotonation of the Cu(II)-SAT complex with 3-methylpyridine (mpy) in AN. 38 The increasing absorbance at 414 and 540 nm, which are characteristic for the Cu(tpp) complex, means that the pyrrole protons are dissociated from the Cu(II)-SAT complex by the reaction with the mpy base. The deprotonation rate is first order with respect to the mpy base in the [mpy] range lower than 8 × 10 -3 mol dm -3 . The first deprotonation means that the free mpy as the proton acceptor directly attacks the first pyrrole proton in the Cu(II)-SAT complex (Cu(H2tpp) 
If the second deprotonation is a rate-determining step with fast equilibration of the first deprotonation, the absorbance change should not be reproduced by the single exponential function, because the HB + concentation changes during the reaction. The first deprotonation is thus concluded to be rate-determining and the second is much faster.
6·2 Deprotonation mechansim of SAT complex
In Fig. 7 are plotted the rate constants, k1, for the deprotonation of the Cu(II)-SAT complex with a series of Brønsted bases (mpy, py, dmso, and dmf) versus the formation constants, K1, for the mono Cu(II) complex in AN. 38 The linear relation with the slope of unity between log k1 and log K1 strongly indicates that the Brønsted base as nucleophile attacks a pyrrole proton in the Cu(II)-SAT complex. Therefore, the stronger the σ donecity of the Brønsted base, the stabler the interaction between the pyrrole proton and the donating atom of the base becomes during the transition state of the deprotonation. The base should attack the proton on the pyrrole nitrogen in the SAT complex (k-H1 path) and the second deprotonation is fast.
General Metalation Mechanism
7·1 Metalloporphyrin formation mechanism in coordinating solvents In this final stage, we can generally describe the mechanisms of metalloporphyrin formation on the basis of the present crucial results obtained in AN, together with the previously reported results for a variety of metal ions and porphyrins. The resolvable elementary reactions during the metalation processes of a general porphyrin (H2por) with a fully solvated divalent metal ion (MS*n 2+ ) in a common donating solvent (S) as a base are completely expressed by the following several processes: the distortion of the porphyrin ring (Eq. (22)) where H2por is a deformed porphyrin, the outer-sphere encounter formation (Eq. (23)), the exchange of a bound solvent molecule with the first pyrrolenine nitrogen (Eq. (24)), the chelate ring closure to form the SAT complex (Eq. (25)), the first deprotonation of the pyrrole nitrogen in the SAT complex (Eq. (26)), and the second deprotonation to form a metalloporphyrin (Eq. (27) ).
H2por
H2por, KD = 
where S* and S are a coordinating solvent molecule and a solvent molecule in the bulk, respectively. The value of kD is reported to be 4.6 × 10 7 s -1 at 25˚C for 5,10,15,20-tetrakis(4-Nmethylpyridyl)porphyrin in water, 96 and the pathway of kos is considered to be diffusion-controlled. Furthermore, the kRC step for the chelate ring closure is generally considered to be faster than the coordination of a first donor atom (kSAT). The present results indicate that the kSAT path is a rate-determining step for the metalation process in the presence of the base as a proton acceptor.
7·2 Conclusions
In conclusion, we can generally describe the metalation mechanism as shown in Fig. 8 . According to reactions (22) - (27) , the forward and backward rates for reaction (1) (Rf and Rb) are described by Eqs. (28) and (29) . The spectra at 0, 77, 154, 231, 308, 385, and 462 ms after the mixing of sample solutions were depicted. 
These expressions for the metalation and demetalation rates can explain some previously observed trends as follows: (1) [105] [106] [107] (5) the dependence of the metalation rate of the charged porphyrins on the ionic strength due to the Kos step. 108 The formation and deprotonation kinetics of the SAT complex, obtained by the strategic use of AN as a solvent with very weak basicity, have been independently demonstrated in this study, and we have unified the reaction scheme for the overall metalation of the porphyrin.
